Abstract-A volunteer sample of 22 participants with chronic traumatic brain injury (TBI) (onset >1 year) and relative hemiplegia that revealed moderate disability in the more-affected upper limb (UL) participated. Constraint-induced (CI) movement therapy (CI therapy) was employed for a 2-week period; treatments included massed practice, shaping of the moreaffected UL, behavioral contracts, and other behavioral techniques for affecting transfer to a real-world setting. We used the Wolf Motor Function Test, the Fugl-Meyer Motor Performance Assessment, and the Motor Activity Log to measure outcomes. All outcome measures improved significantly as a result of the intervention. More-adherent participants had more improvement compared with less-adherent participants. These preliminary results suggest that CI therapy may be effective for improving UL motor function following chronic TBI.
INTRODUCTION
Traumatic brain injury (TBI) is a highly prevalent problem that results in very large costs to both individuals and society [1] . More than 500,000 people are hospitalized for TBI each year. Of these, approximately 70,000 develop intellectual, behavioral, and/or physical disabilities that prevent their return to an independent lifestyle. More than one-third (39%) of persons with TBI are between the ages of 16 and 25 at the time of injury, and nearly twothirds are younger than 36; approximately 78 percent are male [2] . Thus, this population consists predominately of young males with a potential for employment. However, postinjury employment outcomes are disappointing [3] [4] [5] [6] . Standardized tests of psychological distress confirm the common clinical impression that family caregivers of persons with TBI feel alienated, isolated, overwhelmed, and mentally preoccupied [6] . This was particularly true for spouses of persons with TBI. Improvement in motor function for individuals with TBI may improve their functional independence and subsequently reduce the stress on caregivers. While limited studies have reported on the relationship between intensity of therapy and outcomes in this population, evidence exists that increased therapy intensity is positively associated with better motor outcomes [7] [8] [9] [10] . A limited number of case studies have been reported with reduced intensity, modified constraintinduced (CI) movement therapy (CI therapy) for persons recovering from TBI [11] .
CONSTRAINT-INDUCED MOVEMENT THERAPY
CI therapy is a rehabilitation approach that is designed to reduce incapacitating motor deficits of the upper limbs (ULs) in patients after neurological injury and increase their functional independence. To date, this approach has been used most frequently with persons recovering from stroke and has been observed to produce improvements in motor function and actual amount of use of a more-affected UL in the real-world environment [12] [13] [14] [15] [16] [17] [18] [19] . In our laboratory, CI therapy in the past has involved training of the more-affected UL 6 hours daily for 10 consecutive weekdays over a 2-week period (i.e., concentrated practice or repetitive training). The target is use of the more-affected UL for 90 percent of waking hours for all days of the treatment period and is achieved by employing one of several methods for restraining or reducing the use of the less-affected UL. Evidence from a number of studies suggests that the size of the cortical representation of a body part in adult monkeys and humans depends on the amount of use of that body part [19] [20] [21] . Five recent focal transcranial magnetic stimulation, neuroelectric source imaging, and electroencephalograph readiness-potential studies with humans conducted by four groups of investigators and one intracortical microstimulation study with monkeys indicate that CI therapy produces a substantial change in brain organization and function correlative with its large clinical effect [22] [23] [24] [25] [26] . A second mechanism associated with the therapeutic effect of CI therapy is overcoming learned nonuse, which has been described in detail elsewhere [12] [13] 19, 21] .
We performed this present study to determine the effect of employing standard CI therapy in participants with chronic TBI.
METHODS

Participants
Following approval of the protocol by the institutional review board, we recruited potential participants by advertising in TBI-related periodicals and conducting workshops and lectures at conferences and rehabilitation facilities. Preliminary screening was conducted via telephone, and potential candidates were given subsequent structured examinations by a physical therapist and a physiatrist.
Inclusion criteria were (1) chronic TBI (onset at least 1 year prior to participation); (2) relative hemiparesis (i.e., one UL more affected than the other); (3) ability to initiate wrist extension, thumb abduction, and extension of two additional fingers from a resting position of forearm pronation and/or full wrist flexion; (4) ability to transfer safely and independently to and from a toilet; (5) ability to stand from a sitting position and maintain standing for 2 min, with UL support if necessary; and (6) score of 6 or better on the Wechsler Memory Scale-III Logical Memory Test I and II [27] , 69 or less on the Trail Making Test Part A, and 179 or less on the Trail Making Test Part B [28] . Exclusion criteria were (1) strokeinduced TBI, (2) score of less than 24 on the Folstein Mini-Mental State Examination [29] and a score of 36 or below on the Token Test of the Mutlilingual Aphasia Examination [30] , (3) 19 years of age or less, or (4) clinical judgment of either excessive frailty or excessive pain in any joint of the more-affected UL. Participants were characterized as having motor deficits that ranged from mild-to-moderate to moderate-to-severe.
General demographic information for the 22 participants is provided in Table 1 . Mean age at entry in the study was 39.3 yr ± 14.4 standard deviation (SD), with an average TBI chronicity of 8.9 yr ± 8.8 SD. Two additional participants entered into the study and later chose not to participate. At entry, both individuals appeared similar to the other participants.
Outcome Measures
Treatment effectiveness was determined in two separate domains: optimal motor ability as evoked on request in laboratory motor tests and actual spontaneous use of the more-affected UL in a real-world setting [17] [18] . The laboratory-based measures of motor ability were the FuglMeyer (FM) Motor Performance Assessment [31] [32] and the Wolf Motor Function Test (WMFT) [12, [33] [34] [35] . The measure of real-world use was the Motor Activity Log (MAL) [12, [17] [18] 36] . The FM Motor Performance Assessment is an impairment-based laboratory test of motor ability that examines sensation, range of motion, pain, and quality of movement during a series of increasingly difficult motor tasks [31] [32] . The FM Motor Performance Assessment has been used as a clinical and research tool for evaluating changes in motor impairment following stroke [31] . It has also been used to measure motor capabilities of persons recovering from other neurologic disorders, including TBI [37] [38] [39] . We used the UL portion of the FM Motor Performance Assessment (total UL score ranged from 0 to 66, based on a score of 0, 1, or 2 for each of the 33 test items). We administered the FM Motor Performance Assessment at pretreatment, posttreatment, and 2-year follow-up.
The WMFT is a laboratory-based performance test that was developed by Wolf and modified by Taub et al. for quantification of optimal motor ability as requested of persons recovering from stroke and TBI [12, [33] [34] [35] . The version of the WMFT that we employed consists of 17 motor tasks: 15 are timed and 2 involve measures of strength. The 15 timed tasks were filmed and later rated for functional ability (FA) with an 8-point rating scale (0-7) by raters who were blinded to treatment status. We tested both ULs. The less-affected UL was tested first, which has the advantage of enhancing the participant's understanding of the task instructions. The test requires standard participant testing positions; it provides an index of the upper limit of motor ability for that participant at that time. Like the FM Motor Performance Assessment, the WMFT was administered at pretreatment, posttreatment, and 2-year follow-up. Only the FA score is reported because it is more reliable than the performance time score (median of item scores) [34] .
The MAL is a structured interview in which respondents are asked to rate how much (Amount of Use scale) and how well (Quality of Movement scale) they use their more-affected UL for 30 activities of daily living (ADL) outside the laboratory [12, [17] [18] . The MAL was administered independently to participants and one of their caregivers, if one was available. The test items include such activities as brushing teeth, buttoning a shirt or blouse, and eating with a fork or spoon. The entire MAL was administered the day before and the day after the intervention and at 1-month and 2-year follow-up. In addition, the Quality of Movement scale was administered to the participants daily during the treatment period. Only the Quality of Movement scale, referred to from here forward as the Arm Use scale, is reported because the Amount of Use scale is highly correlated with the Arm Use scale (i.e., redundant) and less reliable [17] [18] 40] 
Interventions
During the 2-week CI therapy intervention, participants spent 6 h each weekday in the laboratory engaging in repetitive or massed practice, shaping [41] [42] , or taskpractice procedures. The shaping procedure involved (1) selecting tasks that address the motor deficits of the individual participant; (2) encouraging the patient to keep trying to improve the speed and/or quality of performance on the next trial; (3) helping the participant to carry out parts of a movement sequence if they were incapable of completing the movement independently; and (4) providing explicit verbal feedback, quantitative information, and verbal reward for small improvements in task performance. Modeling, prompting, and cueing of task performance were also employed. In addition, participants wore a protective safety mitt (Sammons Preston Rolyan, Bolingbrook, Illinois) on their less-affected UL. This greatly reduced their ability to use the less-affected UL and thereby induced increased use of the more-affected UL. While they were supervised by research personnel in the laboratory, participants wore the protective safety mitt on their less-affected UL 90 percent of the time. When the participants were outside the laboratory, we encouraged mitt wearing to increase use of the more-affected UL with behavioral techniques, such as a behavioral contract and a home diary. The behavioral contract was formulated on the first day of treatment in conference with the participant; it specified the activities the participant should perform with the more-affected UL alone and the activities for which the mitt could be removed (i.e., when water was used, toileting, some dressing tasks, use of an assistive device for ambulation). Safety was an overriding consideration in determining when the mitt could be removed. The contract was agreed upon jointly and signed by the participant, the therapist, and a witness for emphasis of the character of the document as a contract. The participant filled out the home diary and detailed the ways they used the more-affected UL since leaving the laboratory and when and for how long they did not wear the mitt. The home diary was reviewed with the interventionist at the beginning of each treatment day, and problem-solving was engaged in for determination of how the participant could perform activities so that the mitt need not be removed as often, and also how more of the activities specified in the behavioral contract could be performed. When available, caregivers were enlisted to assist participants by serving as a "second arm" for tasks that were bilateral in nature or too difficult for the participant to do with the more-affected UL alone. During the last few days of the intervention, an individualized, written home program was established for each participant to complete after the end of treatment. Commonplace tasks were chosen for improving the participants' most significant movement deficits. Such tasks included participants pouring dried beans from a glass to receptacles of progressively smaller sizes, reaching out to place rings on the posts of a ring toss game at progressively longer distances, picking up cotton balls and placing them into a receptacle, and stacking Styrofoam cups. The tasks involved use of equipment typically found in the home or easily found and purchased. The home program consisted of approximately 10 tasks, and participants were encouraged to perform 2 to 3 tasks during a 30 min practice period each day.
Data Analysis
The effect of treatment on real-world use of the moreaffected UL as measured by the MAL was evaluated with the use of repeated-measures analysis of variance (α = 0.05, two-tails) with Huynh-Feldt correction for violation of the sphericity assumption. This omnibus test, which assessed changes across all assessment occasions (pretreatment, posttreatment, 1-month follow-up, and 2-year follow-up), was followed by Tukey's tests. These permitted evaluation of differences between particular testing occasions [43] . We evaluated the effect of treatment on motor ability exhibited in the laboratory when motor performance was requested (FM Motor Performance Assessment, WMFT) by comparing pretreatment with posttreatment scores with the use of paired t-tests (α = 0.05, two-tails). Inflation of Type I error because of multiple tests within this domain was controlled with a modification of the Bonferroni correction developed by Benjamini and Hochberg [44] . The magnitude of the treatment gains were represented with a repeated-measures index (i.e., d) of effect size (ES) [45] . In the meta-analysis literature, dvalues of 0.14 are considered small, 0.35 are deemed moderate, and 0.57 and above are judged large [45] . In addition, two post hoc analyses were conducted with respect to differences in treatment outcomes among subgroups formed on the basis of amount of (1) adherence to the protocol and (2) initial motor ability.
The main measure of adherence for which quantitative data were available was the percentage of waking hours the mitt was worn. Adherence to mitt wearing in the laboratory was recorded in a log kept by research personnel. Adherence outside the laboratory was tracked with a diary kept by the participant or caregiver. Each day's entries were reviewed with the therapist on the morning of the next day. For four participants, an objective record of adherence outside the laboratory was obtained with a sensor (conductance circuit) and timing device that were sewn into the mitt. Agreement between the self-report (i.e., diary) and objective (i.e., compliance device) measures was calculated daily for each of these four participants with an intraclass correlation coefficient (ICC) Type 2,1 [45] . The agreement between the selfreport and objective measures was excellent (median ICC Type 2,1 ) = 0.97, range = 0.89-0.97), which suggests that the diaries provided an accurate measure of adherence outside the laboratory. All participants were subdivided into two groups based on a median split for adherence outside the laboratory (more adherence > 57%; less adherence < 57%). The real-world treatment outcomes of these subgroups were compared with analysis of covariance (α = 0.05, one-tail). Difference in initial moreaffected UL use among the groups was controlled for by use of the pretreatment MAL score as a covariate. We used the level of participants' initial motor deficit to categorize the participant sample into 3 grades or levels of motor impairment. In past studies, we had described these groups as quartiles (Grade 2 = Quartile 1, Grade 3 = Quartile 2, Grade 4 = Quartile 3). The reason for the change is that participants are not distributed evenly in the quartile description system. Grade 2 (mild-to-moderate impairment) includes individuals with the ability to carry out at least 20° extension at the wrist and 10° at each of the fingers from a resting position of forearm pronation and/or full wrist flexion. Grade 3 (moderate impairment) participants did not meet the Grade 2 criteria but had the ability to move into 10° of wrist extension, 10° of abduction of the thumb, and 10° of extension of at least two other digits from the same starting position. Grade 4 (moderate-to-severe impairment) participants did not meet Grade 3 criteria but had the ability to initiate wrist extension, thumb abduction, and extension of at least 2 additional fingers. The number of participants in this study who met the initial motor criteria for Grades 2, 3, and 4 were 13, 4, and 5, respectively. Grade 1 participants, who have minimal motor impairment, were excluded from this study as were Grade 5 participants, who have essentially plegic hands. The amount of motor function gain as a result of treatment at each grade was compared with the use of mean, SD, and ES statistics. Only descriptive statistics were used for this purpose because the small number of participants in the lowerfunctioning grades limited the power of any inferential statistics ( Table 1) .
RESULTS
Real-World Upper-Limb Use
A significant improvement was noted in real-world more-affected UL use across all posttreatment testing occasions as measured by the MAL, F (2.8, 49.7) = 54.1, p < 0.001 ( Table 2) . Subjects reported very large gains (mean change = 1.6, SD = 0.8, ES = 2.1) from pretreatment to posttreatment, Q (54) = 12.8, p < 0.05, with no decrement in UL use at 1-month follow-up ( Table 2) . At 2-year follow-up, there was a 21 percent decline in moreaffected UL use compared with posttreatment, Q (54) = 4.3, p < 0.05 ( Table 2) .
Participants' reports were confirmed by the caregivers' MAL scores. Caregivers observed large improvement in participant real-world more-affected UL use (mean change = 1.2, SD = 0.8, ES = 1.5) from pretreatment to posttreatment, t (7) = 4.5, (p < 0.01). The number of caregivers available at the 1-month and 2-year followup was too small for meaningful analysis of the data. Caregiver data at posttreatment were available in only eight cases, since many participants lived independently Table 2 . Mean ± standard deviation for Motor Activity Log Arm Use scale scores and effect sizes for treatment changes. or had caregivers who did not participate in the study. However, no significant differences in initial motor ability or treatment outcome were noted between subjects with or without caregivers.
Impairment Grade
Laboratory Motor Function Tests
Improvement in more-affected UL motor function was also observed on the FM Motor Performance Assessment ( Table 3 ) for movements performed on request in the laboratory. A large change (mean change = 4.2, SD = 3.5; ES = 1.4) existed in the total UL score from pretreatment to posttreatment t (20) = 6.3, p < 0.001. Improvements were greatest for movement of the upper arm (mean change = 4.8, SD = 3.5, ES = 1.2) and hand and wrist (mean change 2.6, SD = 2.9, ES = 0.7). Changes in range of motion, sensation, and pain scores were small (ES < 0.2).
Improvements in more-affected UL motor ability were also evident on the WMFT ( Table 3) . Participants showed large gains (mean change = 0.4, SD = 0.53, ES = 0.7) from pretreatment to posttreatment on the FA scale, t (19) = 3.4, p < 0.01.
Relationship of Real-World Treatment Outcome to Level of Adherence
Based on a median split (57%) of adherence to mitt wearing outside of the laboratory, less-adherent participants had smaller treatment gains than more-adherent participants. On the MAL, less-adherent participants showed a trend toward a smaller gain (mean = 1.3, SD = 0.98, ES = 1.3) in real-world treatment outcome than more-adherent subjects (mean = 1.8, SD = 0.46, ES = 3.9, F (1, 19) = 2.5), p = 0.065). Furthermore, the amount of gain as a result of treatment was strongly correlated with degree of adherence among less-adherent participants (r = 0.68, p < 0.05), while no association between these parameters was observed among more-adherent participants ( Figure 1) ; this result suggests that there is a threshold above which degree of adherence makes no additional contribution to treatment outcome. It is important to note, however, that although less-adherent subjects displayed smaller real-world motor function gains as a result of treatment than more-adherent subjects, lessadherent subjects still showed significant gains in realworld UL use, t (10) = 4.3, p < 0.01.
Relationship of Treatment Outcome to Initial Motor Ability of More-Affected Upper-Limb
Participants with moderate impairment (Grade 3) exhibited motor function gains as a result of treatment that were as good as or better than those exhibited by participants with mild-to-moderate impairment (Grade 2), while participants with moderate-to-severe impairment (Grade 4) displayed somewhat smaller real-world gains Table 3 . Mean ± standard deviation for laboratory motor ability test scores and effect sizes for treatment changes by impairment level. than participants with mild-to-moderate (Grade 2) or moderate (grade 3) impairment. For Grade 3 participants, gains on the MAL and FM Motor Performance Assessment were very similar to those for Grade 2 participants, while gains on the WMFT were more than double those for Grade 2 participants (Tables 2 and 3, Figures 2 and  3) . For Grade 4 participants, gains on the WMFT and FM Motor Performance Assessment were similar to those for Grade 2 participants, while gains on the MAL were 65 percent of those for Grade 2 participants. Smaller gains on the MAL for Grade 4 relative to Grade 2 and 3 participants cannot, however, be attributed with certainty to level of pretreatment motor impairment per se because a low degree of adherence among Grade 4 participants (4/5 of Grade 4 participants fell into the less-adherent subgroup) might provide an explanation for this pattern.
DISCUSSION
Study participants were typical of the chronic TBI population in that they were mostly young adult males who possessed mild-to-moderate cognitive deficits. After 2 weeks of CI therapy, they demonstrated improvements in all outcome measures; the average improvement by all participants on the MAL, which captures how well and how much individuals actually use their more-affected UL for accomplishing ADL outside of the laboratory, was very large (posttreatment ES = 2.1) by the standards of the meta-analysis literature and more than four times greater than what has been identified by another laboratory as a minimal clinically important difference (MCID) (ES = 0.05) [36] . Furthermore, participants at each grade of more-affected UL motor impairment showed large real-world effects: Grade 2 participants MAL ES = 2.2, Grade 3 participants MAL ES = 2.4, and Grade 4 participants MAL ES = 1.4. Not surprisingly, since participants with greater motor impairment began treatment with less use of their more-affected UL than participants with smaller motor impairment and thus had lower scores on the MAL (e.g., pretreatment MAL means for Grades 4 and 2 were 0.3 and 1.2, respectively), their posttreatment level of more-affected UL use was also less than that of higher functioning participants (e.g., posttreatment MAL means for Grades 4 and 2 were 1.4 and 2.9, respectively). Nevertheless, even the most impaired participants showed a clinically meaningful improvement; mean gains on the MAL for Grade 4 participants were more than twice the MCID. Other ways to evaluate the meaningfulness of the results are that Grade 4 participants scored > 2 (i.e., more-affected UL was of some use for accomplishing the task) on 15 and 47 percent of MAL items before and after treatment, respectively, and that after treatment these participants, who had moderate-tosevere motor deficits, moved into the upper range of UL use found in participants with only mild-to-moderate motor deficits (i.e., Grade 2).
Those participants with TBI who were more-adherent in mitt wearing experienced treatment outcomes equivalent to participants with stroke in previous studies [12, [17] [18] . More-adherent participants with TBI who received an adequate "dose" of CI therapy achieved a real-world treatment outcome (MAL mean gain = 1.8, SD = 0.46, ES = 3.9) as least as good as that of participants recovering from strokes treated in this laboratory who had the same grade of initial motor impairment and received similar treatment (MAL mean gain = 1.8, SD = 0.6, ES = 3.3) [19] . The values and statistics reported here for stroke survivors are a weighted average of those for Grade 2 (n = 21), Grade 3 (n = 10), and Grade 4 (n = 13) participants treated in this laboratory with a protocol similar to the one we used here for participants with TBI [19] . The weights assigned to the values for the groups with stroke were in proportion to the number of participants from each grade of motor impairment in the more-adherent subgroup with TBI.
Adherence with wearing the mitt on the less-affected UL for participants with stroke (mean overall adherence = 76%, SD = 9.5; weighted-average) was similar to that for more-adherent participants with TBI (mean overall adherence = 73%, SD = 5). Lower adherence with mitt wearing in the clinic and home appears to be associated with reduced real-world treatment outcomes. The data, however, do not support a causal relationship between adherence with wearing the mitt and treatment outcome per se. Lack of compliance with mitt wearing may have been associated with a variety of other factors that were more directly responsible for the diminished treatment effect. Examples of such problems include lesser motivation to improve motor function, low frustration tolerance, poor memory, excessive fatigue, distractibility, and emotional outbursts.
However, all participants, including those who were less-adherent, showed improved motor function following CI therapy. This suggests that even those participants with cognitive/behavioral problems might benefit from this intervention, especially if a program of behavior management is employed to increase cooperation with the requirements of the therapy. Potential solutions to increase adherence both in the home and in the clinic might include structuring participants' schedules outside the laboratory in a more focused and organized manner and enlisting greater caregiver support by encouraging and educating both participants and caregivers. Cognitive training and behavioral management strategies to address this problem could also be incorporated into the CI therapy protocol in future studies.
Questions that remain to be explored are whether the positive outcomes with these 22 participants would be obtained with a larger sample and in other laboratories. To the extent that similar mechanisms are responsible for the gains observed after CI therapy for both the participants with TBI in this study and the stroke survivors in previous CI therapy studies, the results from this study are unlikely a result of nonspecific factors such as therapist attention and test order. CI therapy for individuals with chronic stroke has been shown to be efficacious in controlled studies [19] and to produce large changes in cortical representations of more-affected UL function [20] . Furthermore, the participants were more than 1 year post-TBI prior to enrollment and by extensive clinical experience and traditional belief, additional improvement in UL motor function either from spontaneous recovery or administration of a rehabilitation therapy would have been unlikely. Nevertheless, since no control subjects were involved in this study, a randomized, placebocontrolled trial to conclusively rule out nonspecific factors as alternate explanations for the findings would be valuable. Another important issue is determining which strategies are helpful for maximizing adherence to the CI therapy protocol.
CONCLUSIONS
These preliminary findings suggest that CI therapy may be effective for improving UL motor function following chronic TBI. Protocol adherence would seem to be an important factor in determining treatment outcome.
